embryos results in loss of epidermal cells. We also find that rho is not required for early expression of sim or ventral nervous system defective in mesectodermal or ventral ectodermal cells; targeted rho expression in P[paired-Gal4]lP [UAS-rho] embryos results in lateral-to-ventral cell fate shifts in the developing neuroectoderm; and midline-targeted rho expression can rescue the medial denticle fusions in rho mutant cuticles.
Introduction
During embryogenesis in Drosophila, cells of the neurogenic ectoderm (neuroectoderm) give rise to a set of blast cells that ultimately go on to generate neurons and glia of the central nervous system (CNS), as well as cells of the ventral and lateral epidermis. One of the earliest steps in this process is the specification of the neuroectoderm along the dorsal/ventral axis in the blastoderm embryo (see Doe and Skeath, 1996) . The neuroectoderm consists of two ventral/lateral bands of cells that initially lie between the mesodermal and dorsal ectodermal anlagen. The ventral region of the neuroectoderm can be subdivided into the ventral-most mesectoderm and adjacent ventral ectoderm. The mesectoderm ultimately gives rise to a set of specialized midline neurons and glia, while the ventral ectoderm generates cuticle-secreting ventral epidermal cells and a set of medial neurons (Kltimbt et al., 1990; JimCnez et al., 1995; Mellerick and Nirenberg, 1995) . An important question regarding nervous system organization is how these ventral subsets of neuroecto-* Corresponding author. Tel.: +l 413 5452782; fax: +l 413 5453243.
derm cells attain unique identities and differentiate into distinct cell types. Specification of the mesectoderm is marked by activation of single-minded (sim) gene transcription in the cellular blastoderm . After gastrulation the mesectodermal cells rapidly undergo nuclear migration and a synchronized cell division, resulting in formation of CNS midline precursor (CMP) cells in stage 9 embryos. These CMP cells exhibit morphologies, cell division, and gene expression patterns that clearly distinguish them from other neuroectodermal cells Foe, 1989; KlGnbt et al., 1990; Nambu et al., 1990; Bossing and Technau, 1994) , and during germ band retraction they differentiate into specialized midline neurons and glia that play essential roles in proper organization of the CNS Klgmbt et al., 1990; Tear et al., 1996) . Unlike other regions of the neuroectoderm, the mesectoderm does not generate any epidermal cells (Nambu et al., 1990; Bossing and Technau, 1994) .
Initial specification of the mesectoderm stripes requires the functions of dorsal/ventral patterning genes such as dorsal, twist and snail (Nambu et al., 1990; Kosman et al., 1991; Leptin, 1991; Kasai et al., 1992) as well as cell/cell interactions with adjacent mesodermal cells that may be mediated by the Notch signaling pathway (Nambu et al., 1993; Menne and Kllmbt 1994; Leptin and Roth, 1995; Martin-Bermudo et al., 1995) . Proper development of mesectodermal cells requires functions of the sin gene, which encodes a bHLH/PAS transcription factor expressed in cells of the mesectodermal lineage throughout embryogenesis Nambu et al., 1990 Nambu et al., , 1991 . In sim mutants, mesectodermal cells fail to generate CMP cells, and exhibit defects in normal patterns of cell division and gene expression (Nambu et al., 1990 (Nambu et al., , 1991 . The precise fate of the midline cells in sim mutants was not clearly defined; however, since the sim mutant midline cells do not invaginate with the mesoderm, it was concluded that they do not adopt mesodermal fates. It was not determined whether the mutant cells adopt an alternate neuroectodermal fate.
Specification of the ventral ectoderm can be monitored by refinement of ventral nervous system defective (vnd) gene expression. The vnd (also known as NK-2) gene is initially transcribed in the entire neuroectoderm of the blastoderm embryo, but during gastrulation, expression rapidly becomes restricted to the ventral ectoderm, which consists of two two-cell wide stripes at the dorsal edge of the mesectoderm (Jimtnez et al., 1995; Mellerick and Nirenberg, 1995) . The ventral ectoderm ultimately gives rise to the mature ventral epidermis which underlies the medial-most denticle hairs of the larval cuticle, as well as a set of medial neuroblasts (Mayer and Niisslein-Volhard, 1988; Kim and Crews, 1993; Jimtnez et al., 1995; Mellerick and Nirenberg, 1995) . Several dorsal/ventral patterning genes, including dorsal, twist and snail, have also been shown to be important for formation of the ventral ectoderm (Mellerick and Nirenberg, 1995) . During germ band extension the ventral ectodermal cells differentiate into ventral epidermis precursor (VEP) cells and activate a distinctive battery of genes including orthodenticle and P[BP28-lacZ] (Kim and Crews, 1993) . This process is dependent upon functions of developing mesectodermal and/or CMP cells. Thus, in sim mutants VEP cells fail to form, due to defects in a midlinedependent signaling pathway (Kim and Crews, 1993) . This signaling pathway is mediated by the spitz-class genes, including: spitz, which encodes a TGF-a homolog; Egfr, which encodes the Drosophila EGF receptor (DER); and rhomboid (rho), which encodes a novel transmembrane protein (Price et al., 1989; Schejter and Shilo, 1989; Bier et al., 1990; Rutledge et al., 1992) . While mutations in these genes all result in defects in formation of VEP cells (Mayer and Nusslein-Volhard, 1988; Kim and Crews, 1993) , it is not clear whether they may also have earlier functions in specifying cells of the ventral ectoderm. Among the spitz-class genes, rho appears to play a key role in mediating the signaling pathway. rho expression is first detected in the entire neuroectoderm of blastoderm embryos, but during gastrulation this expression becomes largely restricted to mesectodermal cells (Bier et al., 1990) . rho continues to be strongly expressed in all CMP cells during germ band extension. Although the precise biochemical function of the RHO protein remains obscure, a series of recent studies suggest that it may act in proteolytic processing of the SPITZ precursor protein to liberate a secreted ligand that can activate DER (Schweitzer et al., 1995) . Because both spitz and Egfr are expressed ubiquitously, expression of rho is thought to provide the spatial and temporal specificity to this signaling pathway (No11 et al., 1994; Schweitzer et al., 1995) .
In this study, we further define the roles of sim and rho in establishing neuroectodermal cell fates through additional analyses of their mutant phenotypes and by targeted expression of these genes using the P[Gal4]/P [UAS] system (Brand and Perrimon, 1993 Arias, 1993) . During gastrulation both genes are normally transcribed in 14 circumferential stripes that extend across the entire ectoderm (Baker et protein that is initially expressed in the entire neuroectoderm in stage 5 blastoderm embryos (JimCnez et al., 1995; Mellerick and Nirenberg, 1995) . vnd transcription is refined during gastrulation such that by stage 8 it is specifically expressed in the two two-cell wide stripes of ventral ectodermal cells adjacent to the developing mesectodermal cells (JimCnez et al., 1995; Mellerick and Nirenberg, 1995) . vnd continues to be expressed in these cells through stages 9 and 10 of germ band extension and is later expressed in a subset of medial neuroblasts. Thus, vnd expression can be used as a marker to monitor formation and early development of ventral ectodermal cells. Embryos derived from the simH9 null mutant strain were hybridized to a vnd antisense RNA probe. Two salient points emerged from this analysis. First, in sim mutants, ventral ectodermal cells do form, as evidenced by vnd expression in stage 9 simH9 mutants (Fig. lC,D ). This suggests that neither sim nor CMP cell functions are essential for ventral ectodermal formation, although they are essential for subsequent differentiation of these cells into VEP cells (Kim and Crews, 1993) . Second, similar to the effects on wg expression, in sim mutant embryos vnd expression is de-repressed in the mutant midline cells. Comparable findings examining vnd expression in a simB21-* hypomorphic mutant have been reported by Mellerick and Nirenberg (1995) . Taken together, the data suggest that in sim mutants the midline cells adopt the fates of adjacent ventral ectodermal cells. Thus, in patterning of the neuroectoderm, sim is required both to promote formation of CMP cells and repress ventral ectodermal cell fates.
bryos there is a loss of wg mRNA in the neuroectoderm of alternating segments, corresponding to the sites of ectopic sim expression (Fig. 2B) . A similar repression of hh expression was also observed (data not shown). This suggests that ectopic sim represses the maintenance of wg expression, a result consistent with the loss of wg expression in developing wild type midline cells. These results are also consistent with those of Chang et al. (1993) showing repression of epidermal expression of the tartan gene by ectopic sim expression. Interestingly, defects in wg expression were also detected in the dorsal epidermis (Fig. 2C) , where ectopic midline cells do not form (data not shown; also see Nambu et al., 1991) . This suggests that ectopic sim can disrupt wg gene expression independently of its ability to activate midline developmental pathways.
Alterations of cell fates and patterning in neuroectodermal derivatives were also detected via severe segmentation defects. Larval cuticle preparations
embryos revealed a pair rule phenotype generally mimicking that of paired mutants (Ntisslein-Volhard and Wieschaus, 1980) with fusions between alternating sets of denticle belts T2-T3, Al-A2, A3-A4, A5-A6, A7-A8 (Fig. 2D,E) . These cuticles were also significantly shorter than the wild type. Both
P[paired-Gal4]/P[paired-Gal41
and P[UAS-sim]lP[UASsim] embryos exhibit normal segmentation (data not shown). This segmentation defect may result in part from the inability of ectopic midline cells to generate cuticle structures, and/or excessive cell death in regions expressing ectopic sim.
Targeted expression of sim produces defects in

rho is not required for activation of sim or vnd epidermal cell gene expression and development expression
To further define the ability of sim to repress ventral ectodermal cell fates we used P[paired-Gal41 (Brand and Perrimon, 1993) and P[UAS-sim] strains (see Section 4) to target ectopic sim expression in 'pair rule' stripes. Embryos derived from crosses between P[paired-Gal4]/TM3 and P[UAS-sim]/P [UAS-sim] strains express high levels of sim mRNA in seven circumferential stripes within the developing epidermis from stage 8 until stage 16 ( Fig.  2A) . This ectopic expression results in transformation of lateral neuroectodermal cells into midline cells and ectopic activation of rho and other midline-expressed genes in alternating segments (data not shown). These results are consistent with those of previous studies using a P[Hsp70-sim] strain (Nambu et al., 1991) . The effect of this ectopic sim expression on neuroectodermal patterning was assayed via in situ hybridization of a wg anti-sense RNA probe. wg expression is activated normally in
blastoderm embryos, and continues to be properly expressed in 14 stripes in embryos undergoing gastrulation and early germ band extension (data not shown). However, in late stage 10 emPrevious studies have shown that rho is essential for differentiation and survival of midline neurons and glia (Klambt et al., 1990; Sonnenfeld and Jacobs, 1994) , as well as formation of VEP cells (Kim and Crews, 1993) . To examine whether rho has earlier functions in formation of mesectoderm or ventral ectodermal cells, we carried out in situ hybridizations of sim and vnd anti-sense RNA probes embryos to a rho7M43 null mutant strain. Early development of the midline cells appeared unaffected in rho mutants, as evidenced by the normal expression of sim mRNA in the mesectoderm and CMP cells of rho mutants (Fig. 3C,D) . Expression of vnd mRNA was also normal in the neuroectoderm of blastoderm stage rho mutant embryos, and was properly refined into ventral ectodermal cells during early germ band extension (Fig. 3A,B) . These data minimally indicate that rho function is not essential for early expression of sim and vnd, and suggest that rho and the spitz signaling pathway are not required for the midline repression of ventral ectodermal fates, and formation of CMP and ventral ectodermal cells. 
Targeted expression of rho results in lateral-toventral shifts in neuroectodermal cell fates
A P[UAS-rho] transformant strain was used (see Section 4) to assay the effects of ectopic rho on neuroectodermal patterning.
Embryos derived from crosses be-
and P[UAS-rho]/P[UAS-rho] strains show strong ectopic rho expression in seven 'pair rule' stripes (Fig. 4A) . To assay the effect of ectopic rho expression, these embryos were hybridized to vnd and orthodenticle (otd) anti-sense RNA probes. The otd gene encodes a homeodomain protein that is expressed in VEP cells from stage 10 through the beginning of germ band retraction (Finkelstein et al., 1990; Kim and Crews, 1993; Schweitzer et al., 1995) . Activation of otd expression in VEP cells requires sim and rho functions (Kim and Crews, 1993) . Strikingly, from stage 10 onward P[pairedGal4]lP [UAS-rho] embryos exhibited a reiterated expansion of vnd and otd expression into more lateral neuroectodermal cells [ Fig. 4B,C) , suggesting that ectopic rho is sufficient to transform neuroectodermal cells into VEP cells. P[paired-Gal4]lP [UAS-rho] embryos also exhibited a lateral expansion of wg expression (Fig. 4D) . Alternatively, normal midline expression of sim was observed, indicating that ectopic rho does not transform midline cells or cause formation of ectopic midline cells (data not shown). This also indicates that formation of ectopic midline cells is not required for inducing the formation of ectopic VEP cells.
Further assessment of lateral cell fate changes via ectopic rho expression was achieved by crossing in a P [disco-lacZ] 
Gal4]/P[UASrho]
embryos there is a loss of these clusters of p-gal-expressing cells in alternating segments (Fig.  4E ). In addition, larval cuticles prepared from nonhatching embryos exhibited altered denticle morphologies in segments expressing ectopic rho. The terminal regions of the denticles were slightly widened and squared off rather than having their normal tapered shapes (Fig. 4F ). This altered morphology is consistent with a transformation of terminal denticle structures to more ventral structures, and indicates that the ectopic rho results in ectopic production of mature, cuticle-secreting ventral epidermis.
2.5, Midline targeted rho expression can rescue medial denticle fusions in rho mutants
sim, rho, and the other spitz class mutants exhibit similar, though distinct, CNS and cuticle defects (Mayer and Niisslein-Volhard, 1988; Klambt et al., 1990; Kim and Crews, 1993) . Interestingly, while sim mutants exhibit the most severe CNS defects, they exhibit the least severe cuticle defects (Mayer and Ntisslein-Volhard, 1988) . sim mutant cuticles lack a few of the medial-most denticles, while in contrast, rho mutants both lack greater numbers of denticles and often exhibit fusion between the medial regions of alternating denticle belts (Mayer and Niisslein-Volhard, 1988; Kim and Crews, 1993) . There are several possible explanations for this. First, in sim mutants rho transcription is not eliminated in the midline cells until after gastrulation (Nambu et al., 1990 ; H.X. and J.R.N., unpublished data) and low levels of residual midline-expressed rho could be sufficient to generate some denticle-secreting epidermal cells. Similarly, rho is expressed in several non-midline sites, including the early neuroectoderm, medial mesoderm, and epidermal stripes, which are not altered in sim mutants (Kim and Crews, 1993 ; H.X. and J.R.N., unpublished data). Perhaps it is the loss of rho function in these cells that contributes to the more severe cuticle phenotype of rho mutants.
In order to determine whether midline expression of rho is sufficient for normal cuticle patterning, midline rho expression was restored in rho mutant embryos. For this experiment, a P[3.7sim-Gal41 strain was generated where sim gene regulatory elements drive midline-specific Gal4 expression (see Section 4). Unlike the P[3.7sim-lacZ] strain, where P-gal expression can be detected in the blastoderm embryo (Kasai et al., 1992) , the P[3.7sim-Gal41 strain does not yield Gal4 transcription until stage 10, and embryos derived from crosses between P[3.7sim-Gal41 and P[UAS-lacZ] strains exhibit p-gal expression from late stage 10 to the end of embryogenesis (see Section 4) (Fig. 5A) . However, the P[3.7sim-Gal41 strain is still useful for these experiments because it is very specific for the CMP cells and unlike a P[rho-Gal41 strain (Klaes et al., 1994 ) P[3.7sim-Gal41 is not expressed in ventral ectodermal cells (H.X. and J.R.N., unpublished data). P[3.7sim-Gal41 and P[UAS-rho] insertions were crossed or recombined into a rho7M43 null mutant background, and the ability of midline-expressed rho to rescue rho mutant cuticle defects embryos was assayed. The cuticles of non-hatching embryos from crosses between strains, and between P[UAS-rho]-rho7M43/TM3 and rho7M43/TM3 strains were analyzed. It was determined that the presence of ectopic rho is sufficient to rescue the medial denticle fusions in rho mutant cuticles (Fig. 5B-D) . Of 168 unhatched embryos examined from crosses between P[UAS-~~~]-&Z~~~~~/TM~ and rho7M43/TM3 strains; 48% exhibited fusions in the medial regions of one or more pairs of denticle belts, 43% exhibited a loss of medial denticles but did not exhibit fusions, and 9% were normal in appearance. Alternatively, of 177 unhatched embryos from crosses between P[3.7sim-Ga14]/P[3.7sim-Gal4]; strains, only 7% exhibited any medial dentitle fusion while 75% exhibited loss of some medial denticles and 18% were normal in appearance (Table 1) . Thus, the midline expression of rho driven by the P[3.7sim-Gal41 strain greatly reduces the medial fusion of denticle belts in rho mutants.
Interestingly, the fused CNS commissures phenotype of rho mutants was not rescued in these embryos (H.X. and J.R.N., unpublished data), suggesting that insufficient rho is expressed at the appropriate developmental stage, or that other sites of rho expression are important for CNS development.
Discussion
During neurogenesis in Drosophila,
proper subdivision of the ventral region of the embryonic neuroectoderm requires the functions of sim and rho in discrete developmental steps. We show here that sim acts within the mesectodermal lineage both to promote formation of CMP cells and to repress adjacent ventral ectodermal cell fates; sim mutants exhibit de-repression of the wg, hh and vnd genes and targeted sim expression represses epidermal development. rho is not required for early expression of Targeted rho expression transforms lateral neuroectodermal cells into ventral epidermis. Finally, we find that midline rho expression plays a key role in proper elaboration of ventral cuticle structures.
I. sim function and neuroectodermal cell fates
Several genes, including wg, hh, and vnd, exhibit ectodermal expression which initially includes the mesectoderm in blastoderm embryos, but is extinguished from the CMP cells during germ band extension. This process requires sim gene function, which directly or indirectly serves as a repressor of ventral ectodermal gene expres- C*dDefinition of cuticle defects: 'fusions of medial regions of at least one pair of adjacent denticle belts; ddenticle belts are slightly thinner and narrower than normal but do not exhibit fusion.
sion and cell fates. sim thus plays a key role in proper patterning of the neuroectoderm by helping to generate the boundary between mesectoderm and ventral ectoderm. This process likely requires simultaneous functions of sim as both a transcriptional activator and a transcriptional repressor within the developing midline cells. Although it is not clear from these experiments whether sim acts as a direct transcriptional repressor of wg or hh, or vnd, this repression is first observed shortly after SIM protein is detected in midline nuclei, and the timing is very similar to the midline activation of genes such as slit and Toll, which are likely directly regulated by sim (Nambu et al., 1990; Wharton and Crews, 1993; Wharton et al., 1994) . It will be of interest to determine whether the regulatory regions of wg, hh and vnd genes contain the putative sim DNA binding sites present in the slit and Toll genes (Wharton et al., 1994) and whether the SIM bHLH protein utilizes different dimerization partners in repressor and activator complexes. In addition, as several segment polarity genes, including wg, have been shown to be involved in specification of lateral neuroblast fates (see Doe and Skeath, 1996) it will also be interesting to determine whether the repression of wg gene expression in the CMP cells is important for proper specification of individual midline cell fates.
rho function and neuroectodermal cell fates
The rho gene has previously been found to play an important role in the development of VEP cells and differ-entiation of midline neurons and glia (Kl; imbt et al., 1990; Kim and Crews, 1993 (Kllmbt et al., 1190; Sonnenfeld and Jacobs, 1994) , this seems unlikely. Alternatively, it may be that sim modifies that output of the spitz signaling pathway such that midline rather than ventral epidermal cell fates are promoted.
The rescue of medial denticle fusions in rho mutants by midline targeted rho expression implies that the midline expression of rho is a crucial component for neuroectodermal patterning, and that rho expression in other regions, such as the mesoderm and epidermal stripes, may provide distinct functions. One possible function may be in mediating events involved in lateral denticle formation, an interpretation consistent with the thinner than normal denticles in rho null mutants. In this regard, it is noteworthy that some zygotic Egfr mutant alleles result in an absence of nearly all ventral denticles (Price et al, 1989; Schejter and Shilo, 1989) , suggesting either important functions for rho in the lateral epidermis and/or the existence of rho-independent activation of the DER pathway.
Experimental procedures
I. Drosophila strains
Fly stocks were maintained on corn meal/molasses agar media at 25°C. The P[paired-Gal4]/TM3 strain was obtained from N. Perrimon. The rhomboid'M43/TM3 strain was obtained from C. Niisslein-Volhard and the P[lacZ] disco enhancer trap line was provided by S. Cohen.
Generation of P[UAS-sim], P[UAS-rho] and P[3.7sim-Gal41 strains
The P[UAS-sim] and P[UAS-rho] strains were generated by cloning full length cDNA fragments behind the upstream activator sequence (UAS) in the pUAST vector (obtained from N. Perrimon). The P[3.7sim-Gal41 construct was generating by cloning a 3.7 kb BamHI fragment containing the early sim promoter and 5' flanking sequences (Nambu et al., 1991; Kasai et al., 1992) in front of the Gal4 coding region in the pGATl3 vector (obtained from N. Perrimon). A KpnI/NotI fragment containing the sim and Gal4 sequences was then transferred into the KpnI and Not1 sites of pCasPer 4 vector. Microinjection was carried out via the technique of Rubin and Spradling (1982) using P[A2-31 helper DNA as a source of transposase (Karess and Rubin, 1984) . Injection cocktails contained P[UAS] and P[Gal4] constructs at a concentration of 5OOpg/ml and helper DNA at 200pg/ml. A total of 11 P [UAS-sim] transformants, four P[UAS-rho] transformants, and four P[3.7sim-Gal41 transformants were obtained.
Immunocytochemistry and embryo in situ hybridization
Fixing of embryos for immunocytochemistry was performed using the PEMS/formaldehyde/heptane procedure of Pate1 et al. (1989) . Anti-@-gal staining was performed using a mouse monoclonal antibody (Promega) at a I:800 dilution in PBT + N (125 mM NaCl, 16.5 mM Na2HP04, 8.5 mM NaH2P04 (pH 7.2), 0.1% Triton X-100, and 5% normal horse serum). Staining procedures were essentially those described in Zhou et al. (1995) and utilized biotinylated horse anti-mouse 2" antibodies (Vector Labs.). Stained embryos were dehydrated in an ethanol series, cleared in methyl salicylate, and mounted in Permount (Fisher). The embryos were viewed and photographed using Nomarski optics.
For in situ hybridization, embryos were fixed, hybridized, and stained according to Tautz (1992) . Antisense digoxygenin-labeled RNA probes were generated using T3 or T7 RNA polymerases (Promega), Genius kit labeling reagents (Boehringer Mannheim), and linearized cDNA subclone templates for sim, rho (provided by E. Bier), vnd (provided by M. Nirenberg and K. White), otd (provided by R. Finkelstein), wg (provided by R. Nusse), and hh (provided by M. Scott). The embryos were cleared in 80% glycerol and viewed and photographed using Nomarski optics.
Cuticle preparations
Preparation of larval cuticles was carried out using 2 day old unhatched embryos. The larvae were cleared using Hoyers medium as described by Wieschaus and Niisslein-Volhard (1985) . Larval cuticles were photographed using phase contrast or darkfield optics.
